Developing a novel vaccine that can be applied against multiple strains of influenza virus is of utmost importance to human health. Previously, we demonstrated that the intranasal introduction of Fc-fused IL-7 (IL-7-mFc), a long-acting cytokine fusion protein, confers long-lasting prophylaxis against multiple strains of influenza A virus (IAV) by inducing the development of lung-resident memory-like T cells, called T RM -like cells. Here, we further investigated the mechanisms of IL-7-mFc-mediated protective immunity to IAVs. First, we found that IL-7-mFc treatment augments the accumulation of pulmonary T cells in 2 ways: recruiting blood circulating T cells into the lung and expanding T cells at the lung parenchyma. Second, the blockade of T cell migration from the lymph nodes (LNs) with FTY720 treatment was not required for mounting the protective immunity to IAV with IL-7-mFc, suggesting a more important role of IL-7 in T cells in the lungs. Third, IL-7-mFc treatment also recruited various innate immune cells into the lungs. Among these cells, plasmacytoid dendritic cells (pDCs) play an important role in IL-7-mFc-mediated protective immunity through reducing the immunopathology and increasing IAV-specific cytotoxic T lymphocyte (CTL) responses. In summary, our results show that intranasal treatment with IL-7-mFc modulates pulmonary immune responses to IAV, affecting both innate and adaptive immune cells.
INTRODUCTION
In the last few decades, it has been reported that avian influenza A viruses (IAVs), such as H5N1 and H7N9, can cross-infect humans with higher mortality than other strains of human-infectious influenza virus (1) . IAV, which is the main influenza virus strain associated with pandemics, has a higher mutation rate and more frequent gene-reassortments than other strains of influenza virus (2) . Due to these characteristics of IAV, current strategies using a trivalent vaccine and anti-virals against IAV infection, which have limited vaccine cross-reactivity and productivity and pose problems regarding resistance to anti-influenza drugs, respectively (3, 4) , are insufficient to protect against newly generated IAVs. In order to overcome these limitations, many studies have been conducted aiming to achieve effective universal protection against rapidly changing IAV strains using conserved IAV antigens (5, 6) . Based on these trials, it is suggested that the generation of antigen-specific, mucosal resident T cells in the airways seems to be the most promising approach for the protective immunity (7) . Inducing both innate and adaptive immune responses is crucial for the control of viremia after IAV infection.
However, the current understanding of IAV infection suggests that an excessive host-immune response leads to immunopathology followed by respiratory dysfunction and mortality (8, 9) . In particular, neutrophils are critically associated with pathological inflammation and host mortality during IAV infection, although they are important in controlling the initial viral spread of IAVs (10, 11) . Although the role of CD4 and CD8 T cells in IAV-induced immunopathology has remained elusive in mice (8) , several clinical observations suggest that severe immunopathology is frequently accompanied by defective adaptive immunity. For example, patients with a high pathogenic influenza infection exhibit poor CD8 cytotoxic T cell responses or even transient lymphopenia (12, 13) . Furthermore, pre-existing influenzaspecific CD4 T cells in healthy humans confer a heterotypic immune response after IAV challenge, which was correlated with disease protection with less severe illness (14) . Since the optimal disease protection against IAVs requires the orchestration of the immune response by T cells, we can speculate that the augmentation of pulmonary T cell-mediated immunity would provide a potential benefit to the host during IAV infection.
In a previous report, we demonstrated that a single intranasal pretreatment with Fc-fused IL-7 (IL-7-mFc) exerted protective effects against several IAV strains, which were dependent on the generation of lung-resident memory-like T cells, called T RM -like cells, by IL-7-mFc (15) . Here, as a follow-up study, we investigated the cellular trafficking of IL-7-mFc-induced pulmonary T RM -like cells and potential roles of various innate immune cells in eliciting protective effects against IAVs by IL-7-mFc pretreatment.
MATERIALS AND METHODS

Animals
Female BALB/c mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and housed under specific pathogen-free conditions in an approved animal facility at POSTECH Biotech Center and International Vaccine institute (Seoul, Korea). All mouse experiments were performed in accordance with the National Institutes of Health guidelines, and protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Pohang University of Science and Technology.
Preparation and treatment
The murine non-lytic Fc fusion of IL-7 was prepared as previously described (16) . After being anesthetized with ketamine (100 mg/kg; Yuhan, Seoul, Korea) and xylazine hydrochloride (10 mg/kg; Bayer, Brussels, Belgium) in PBS intraperitoneally (i.p.), mice received 50 μl of the indicated dose of cytokines in PBS via the indicated routes with a micropipette or syringe. To analyze the mucosal resident T cell populations, we administered 60 μl of FTY720 (Cayman Chemical, Ann Arbor, MI, USA) in 0.1% BSA containing PBS i.p. twice at 3-day intervals starting the day of IL-7-mFc treatment. The depleting mAbs against mouse CD4 (GK1.5), mouse plasmacytoid dendritic cell antigen-1 (PDCA-1) (120G8), and polyclonal rat IgG were purchased from BioXcell (West Lebanon, NH, USA). Mice received 200 μg of each depleting mAb i.p. at −1, 0, 1, and 4 day post-IAV infection.
Virus infection
Influenza strain H5N2 (A/aquatic bird/ma81/2007) was kindly provided by Young Ki Choi at Chungbuk National University College of Medicine (Cheongju, Korea). Two weeks after the last immunization, mice were anesthetized and infected intranasally (i.n.) with 5 LD 50 of H5N2. Body weight change and survival were monitored daily following infection, and groups with more than 50% of dead mice were excluded from the body weight graph. Mice that lost more than 30% of their initial body weight were euthanized.
Flow cytometry
Single-cell suspensions of lung homogenate were incubated with Fc-blocker (eBioscience, San Diego, CA, USA) in staining buffer (1% fetal bovine serum [FBS] in PBS) to prevent nonspecific antibody staining. Cells were then stained with the following mAbs with staining buffer: antibodies against CD4, CD8, CD44, CD62L, PDCA-1, B220, CD3, CD11b, CD11c, Ly6c, MHC II (IA/IE), F4/80, SiglecF, and interferon (IFN)-γ (all from eBioscience), and antibodies against Ly6G, CD19, Gr-1, and CD45 (all from BD biosciences, San Jose, CA, USA). For the intracellular cytokine staining of IFNγ-producing CD8 T cells, lung homogenates were incubated for 6 h with HA peptide (residue 529-543, Peptron, Daejeon, Korea), brefeldin A (eBioscience), and DNAse I (Sigma-Aldrich, St. Louis, MO, USA) and then stained using Cytofix/Cytoperm following the manufacturer's protocol (BD Bioscience). All samples were evaluated with an LSR Fortessa cytometer (BD biosciences), and the data were analyzed with FlowJo software (Tree star, St. Ashland, OR, USA).
Bronchoalveolar lavage fluid (BALF) collection and lung homogenate preparation
The mice were anesthetized, and BALF was collected with 1 ml of PBS. After BALF collection, the lungs were collected and minced into small pieces and treated with type I collagenase (Gibco/Life Technology, Grand Island, NY, USA) and DNase I (Sigma-Aldrichs) at 37°C for 30-45 min. Tissue fragments were harvested and crushed through a 70-μm strainer (BD Biosciences) to generate single cell suspensions. The cells were then washed and resuspended in RPMI-1640 (Welgene, Daegu, Korea) containing 10% FBS (Hyclone, South Logan, UT, USA), 2-mercaptoethanol (Gibco/Life Technology), and antibiotics (Gibco/Life Technology).
Statistical analysis
A 2-tailed Student's t-test and 2-tailed Mann-Whitney U test were used to evaluate the differences between 2 groups. Differences in survival rates between groups were determined by a log-rank test.
RESULTS AND DISCUSSION
The receptor for IL-7, CD127, is primarily expressed by lymphocyte subsets, including T and B cells (17) . Because IL-7-responsive pulmonary T cells are responsible for protection against IAV as shown in our previous report (15) , we assessed the pulmonary T cell populations after IL-7-mFc treatment. Without IAV challenge, intranasal IL-7-mFc treatment alone transiently induced the expansion of both CD4 and CD8 cells in the lung 7 day after treatment, which gradually returned to normal levels after day 14 ( Fig. 1A-C) . As expected, among the T cell populations that increased, CD62L lo CD44
high effector/memory-phenotype populations of pulmonary CD4 and CD8 T cells were significantly increased by IL-7-mFc, and the increases were sustained until day 21. Based on our previous report, these T cells expressed CD11a and CD49d as tissue-retentive markers. Thus, these lung-resident CD62L lo CD44 high T cells induced by IL-7-mFc were designated T RM -like cells (15) . Although we observed an increase in pulmonary T cells following IL-7-mFc treatment, it was not clear whether IL-7-mFc primarily expands T cells at the secondary lymphoid organs, such as the lymph nodes (LNs), from which T cells move to the lungs and become T RM -like cells. Otherwise, IL-7-mFc treatment may exert its main effect on the local pulmonary site by upregulating lung-resident T https://doi.org/10.4110/in.2017.17.5.343 cells. To clarify this, we introduced IL-7-mFc via the i.n. route with FTY720, an inhibitor of sphingosine-1-phosphate receptor (S1PR), which blocks the migration of lymphocytes from the LNs (18) . The number of CD8 and CD4 T cells in the lung was strongly decreased by FTY720, regardless of IL-7-mFc treatment, suggesting that the basal number of lung-resident T cells was maintained by the migration of T cells from the LNs (Fig. 1D) . Notably, there was still a significant expansion of lung-resident CD4 and CD8 T cells induced by IL-7-mFc treatment in the presence of FTY720, and most of them showed CD62L lo CD44 high phenotypes (Fig. 1D-F) . These results indicate that intranasal IL-7-mFc treatment can also recruit blood circulating T cells to the lung. Moreover, the protective effect of IL-7-mFc against lethal IAV infection was maintained in the mice that received FTY720 concomitantly ( Fig. 2A) , suggesting that at least the migration of LN T cells is not required for IL-7-mFc-induced protection. Since the protective immunity by IL-7-mFc pretreatment was largely mediated by pulmonary CD4 T RM -like cells, we also depleted CD4 T cells in this experimental setting. Similar to the previous results, the treatment with anti-CD4 mAb significantly abrogated the protective effect of IL-7-mFc (Fig. 2B) . Together, these data imply that IL-7-mFc induces the trafficking of blood circulating T cells to the lung and may expand them at the local site, ultimately establishing T RM -like cells to protect against IAVs.
Although pulmonary T cells played an indispensable role in IL-7-mFc-mediated IAV protection, we also found that various innate-type immune cells also accumulated in the lung following IL-7-mFc pretreatment ( Table 1) . Those increases in innate cells peaked around day 7 but remained several weeks after IL-7-mFc treatment for certain populations, including monocytes, eosinophils, and alveolar macrophages. Since the protective role of plasmacytoid dendritic cells (pDCs) against IAV infection was reported previously (19, 20) , we aimed to address the role of pDCs in IL-7-mFc-mediated IAV protection. do express CD4 surface antigen and because anti-CD4 mAb almost abolished the protective effects of IL-7-mFc previously, we first tested how efficiently the anti-PDCA-1 and anti-CD4 mAb treatment depleted pDCs. As shown in Fig. 3A , the accumulation of pDCs induced by IL-7-mFc treatment in the lung was dramatically reduced by both mAbs compared to the induced by the control mAb, which is summarized in Fig. 3B . In addition, anti-PDCA-1 mAb treatment did not deplete any other myeloid cells in the lung, including conventional DCs (cDCs) (Fig. 3C) . This result suggests that it is possible that the use of anti-CD4 mAb in a previous study not only nullified CD4 T cells but also dampened pDCs. Therefore, it is necessary to separate the potential protective role of pDCs by using anti-PDCA-1 mAb, which specifically depletes pDCs, when challenging with IAV. Interestingly, reducing pDCs in the lung alone decreased the protective immunity mediated by IL-7-mFc treatment (Fig. 3D) . Since IL-7-mFc pretreatment confers protection against IAV by alleviating the immunopathology in the lung and augmenting IAV-specific cytotoxic T lymphocytes (CTLs), we also determined whether the depletion of pDCs modulates these parameters during IAV infection, as compared with those seen following the depletion of CD4-positive cells, including CD4 T cells and pDCs. The typical signs of immunopathology in IAV infection, such as infiltration of neutrophils (Fig. 3E) and levels of inflammation-associated molecules in the BALF (Fig. 3F) , were enhanced by anti-PDCA-1 treatment, which were further aggravated by anti-CD4 treatment. Similarly, IAV-specific CTLs were partially diminished by anti-PDCA-1, while anti-CD4 almost completely abolished CTL generation (Fig. 3G) . Taken Aside from the mucosal T cells, we observed increases in some pulmonary innate immune cells, including pDCs, which showed a clear difference compared to neutrophils. Mucosal innate immune cells play crucial roles in protecting against respiratory virus infection. Although there are reports suggesting a pathological role of pDCs in IAV infection (19) , the previous study by Soloff et al. (20) showed that pDC ablation resulted in increased inflammatory cytokine production from cDCs and exudate macrophages, indicating a suppressive effect of pDCs on the inflammatory response to influenza infection in the lung (19) . To reduce the immunopathology, pDCs can present viral antigens to induce antigenspecific CD8 T cells for an anti-viral immune response, as previously described (19, 20) . Absolute number of neutrophils (E) in the lung of IL-7-mFc treated mice and inflammatory cytokines and chemokines (F) at 9 dpi were also measured in the BALF. (G) Antigen-specific CD8 + T cell response was assessed by intracellular cytokine staining of IFNγ after HA 529-543 stimulation. Results are representative of 2 independent experiment and expressed as the mean±standard error of mean. *p<0.05, **p<0.01, ***p<0.001; † † p<0.01 by log-rank test.
regulatory T (Treg) cells (23) ; therefore, pDCs might play a similar regulatory role in IAV infection. Taken together, treatment with IL-7-mFc has multiple effects to balance the innate immunity against IAV infection, as well as modulate the pulmonary T cell response.
